pbp2b gene alterations were analyzed in 102 clinical isolates of Streptococcus pneumoniae (30 penicillin susceptible, 23 intermediate, and 49 resistant) from Korea. On the basis of PBP2B amino acid sequences, penicillin-nonsusceptible isolates of S. pneumoniae belonged to six groups, and 76% of the isolates in groups I to IV showed the same divergent block of amino acid alterations. Thirteen isolates (group II) also possessed a divergent block that was identical to that of Streptococcus oralis. The pbp2b genes of most Korean isolates showed novel mosaic mutations due to horizontal gene transfer. The Thr2523Ala substitution, previously thought to be associated only with penicillin-nonsusceptible strains, was also found in three penicillinsusceptible strains. On the basis of their pbp2b nucleotide sequences, all penicillin-nonsusceptible isolates can be detected by multiplex PCR, which can be used as a novel method for detection of antibiotic-resistant pneumococcal strains in clinical specimens.
The increasing prevalence of antimicrobial resistance in Streptococcus pneumoniae has become a serious concern in medical practice since the 1990s. Korea was reported to be one of the countries with the highest prevalence of penicillin resistance among pneumococcal isolates (22) . The rapid emergence of pneumococcal resistance in Korea was partly due to the spread of resistant clones that had been introduced from other countries (22, 23) .
The classic mechanism of penicillin resistance in pneumococci is alteration of penicillin-binding proteins (PBPs), especially PBP1A, -2X, and -2B (3, 20) . The pbp2b transpeptidaseencoding region (TER) sequences of penicillin-nonsusceptible S. pneumoniae isolates were highly divergent from those of penicillin-susceptible S. pneumoniae (PSSP) isolates (7, 20) . In addition, considerable variations in the genetic structure of the pbp2b genes of penicillin-resistant strains were also reported, which are due to horizontal gene transfer by secondary transformation (2, 5, 7) . Previous reports documented that the pbp2b genes of penicillin-nonsusceptible strains could be classified into two major classes (A and B) based on their nucleotide and amino acid sequences (7, 24) . Class A genes showed more extensive variations than class B genes (7). However, some pneumococcal strains did not belong to these classes and cannot be detected by class-specific PCR assays (24, 25) . Genetic analysis of pbp2b sequences in penicillin-resistant strains were reported from Japan, Spain, Iceland, Canada, France, the United Kingdom, Papua New Guinea, South Africa, and the United States (7, 10, 11, 17, 19, 20, 21, 25) . In Korea, the pbp2b gene sequences of multidrug-resistant S. pneumoniae isolates were reported (23) . This study was performed to characterize the genetic structure of the pbp2b gene of penicillin-nonsusceptible strains of S. pneumoniae from Korea, as well as to explore a potential new method for detection of penicillinresistant pneumococci based on common mutation patterns of the pbp2b gene.
Bacterial isolates. One hundred two isolates of S. pneumoniae that were obtained from Korean patients between 1998 and 2002 were analyzed in this study. MICs of penicillin were determined by the NCCLS agar dilution method (15, 16) . Of 102 isolates, 30 were penicillin susceptible (MIC, Յ0.06 g/ ml), 23 were penicillin intermediate (MIC, 0.125 to 1.0 g/ml), and 49 were penicillin resistant (MIC, Ն2.0 g/ml).
Amplification and sequencing of the pbp2b gene. The 1.5-kb DNA fragments encoding the PBP2B TER were amplified from the chromosomal DNAs of S. pneumoniae isolates by PCR. Template DNA for PCR was prepared by the simple boiling-lysis method. Briefly, colonies were suspended in lysis buffer (100 mM NaCl, 10 mM Tris-HCl, 1 mM EDTA, 1% Triton X-100) and incubated at 70°C for 10 min. The mixture was then centrifuged for a moment, and the aqueous phase was used as a template for PCR. The primers used for amplification, which were designed on the basis of the published sequences of strain R6, were as follows: forward (1-25), 5Ј-GAT CCT CTA AAT GAT TCT CAG GTG G-3Ј; reverse (1504-1480), 5Ј-CAA TTA GCT TAG CAA TAG GTG TTG G-3Ј. PCR was carried out in a final volume of 100 l containing 10 mM Tris-HCl (pH 8. . The roman numeral to the left of each isolate number is the group that the isolate belongs to. The letter in parentheses to the right of each isolate number is the isolate's susceptibility to penicillin (S, susceptible, I, intermediate; R, resistant). The sequences of 27 PSSP isolates that differ from the R6 sequence at one or two sites are not shown. Amino acid abbreviations: A, alanine; R, arginine; N, asparagine; D, aspartic acid; C, cysteine; E, glutamic acid; Q, glutamine; G, glycine; H, histidine; I, isoleucine; L, leucine; K, lysine; M, methionine; F, phenylalanine; P, proline; S, serine; T, threonine; W, tryptophan; Y, tyrosine; V, valine.
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NOTES 1747 primer, 2.5 U of Taq polymerase, and 1 to 10 ng of DNA template. The PCR conditions used were 30 cycles of 95°C for 1 min, 55°C for 2 min, and 72°C for 2 min. PCR products were purified with a Core-One purification kit (CoreBio System, Seoul, Korea) for sequencing. DNA sequences were determined with an ABI prism Rhodomine terminator cycle sequencing kit (PE Biosystems, Foster City, Calif.) and an ABI 377 automated sequencer (PE Biosystems). Amino acid sequences were deduced by the MegAlign program in DNAS-TAR (DNASTAR, Madison, Wis.). Nucleotide and deduced amino acid sequences were also analyzed with the MegAlign program in DNASTAR. The amino acid sequences were aligned and compared with the corresponding sequences of PSSP laboratory strain R6 (GenBank accession no. AJ243051). Amino acid alterations of pbp2b genes. Most of the isolates of PSSP had nucleotide and amino acid sequences highly homologous to those of R6, with more than 99.4% nucleotide and amino acid similarity. However, the PBP2B sequences of three PSSP isolates (J68, J53, and J76) contained several amino acid substitutions, as in penicillin-nonsusceptible isolates. These isolates were confirmed as susceptible on the basis of repeated MIC tests. The amino acid sequences of J68, which were highly diverged from those of R6, were very similar to those of two penicillin-intermediate S. pneumoniae (PISP) isolates, J42 and J64 (94.5 and 97.4% nucleotide and amino acid similarity, respectively) (Fig. 1) . Two other PSSP isolates, J53 and J76, showed pbp2b sequences nearly identical to that of a penicillinintermediate isolate, J89 (99.9 and 99.6% nucleotide and amino acid similarity, respectively). However, these sequence changes observed in PSSP isolates were not related to penicillin resistance.
As a whole, the pbp2b sequences of penicillin-nonsusceptible pneumococcal isolates from Korea showed a maximum of 16.6 and 11.1% dissimilarity with respect to that of R6 on the nucleotide and amino acid levels, respectively. Of the 467 amino acid sequences analyzed in this study, 71 positions of penicillin-nonsusceptible pneumococcal isolates differed from those of R6 (Fig. 1) . Of these 71 substitutions, 41 amino acid alterations were noted exclusively in penicillin-nonsusceptible isolates. In particular, the amino acid alterations Thr2523Ala, Glu2823Gly, and Thr2953Ala were noted in all of the PRSP and most of the PISP isolates, while Thr2523Ser or Thr2953Ser was also noted in some PISP strains. Previous studies reported that Thr2523Ala was a common and specific mutation only in penicillin-nonsusceptible strains (6, 18, 20) . However, our data documented the Thr2523Ala mutation in three penicillin-susceptible isolates, J68, J53, and J76, and replacement of Thr at position 252 or 295 with Ser instead of Ala in two penicillin-intermediate isolates, J89 and J86. Replacement of Glu with Gly at position 282 was also noted in all penicillin-susceptible strains (Fig. 1 ). An insertion of nine nucleotides was detected in J86, which was also reported in some Japanese strains (25) .
Grouping of penicillin-nonsusceptible isolates on the basis of amino acid sequences. Of 72 penicillin-nonsusceptible pneumococcal isolates, 69 belonged to six groups based on the amino acid sequence encoded by the pbp2b gene. Groups I (15 PRSP, 7 PISP), II (9 PRSP, 4 PISP), and III (12 PRSP, 5 PISP) were major groups, while groups IV (3 PRSP), V (2 PISP), and VI (2 PISP) included fewer isolates (Fig. 1) . Three isolates (J22, J38, and J89) with distinct sequence variations did not belong to any group. Compared with the PBP2B sequence of R6, all group I isolates showed the same 13 amino acid alterations, i.e., Glu1393Gly, Ile1673Leu, Asn2283Tyr, Thr2323Lys, Gln2333Leu, Gln2443Glu, Thr2523Ala, Leu2613Ile, Ser2793Thr, Glu2823Gly, Ser2863Ala, Thr2963Ala, and Asn3443Asp. However, these amino acid substitutions were not specific for group I isolates. Two penicillin-susceptible isolates (J53 and J76) also showed some of the alterations found in group I isolates (Glu1393Gly, Gln2443Glu, Thr2523Ala, Leu2613Ile, Glu2823Gly, and Thr2953Ala). The most remarkable finding in the pbp2b sequences of Korean pneumococcal isolates was a divergent block (block A, positions 228 to 295) common to all of the isolates in groups I to IV (Fig. 2) . Although this divergent block A was not found in group V and VI isolates, it was present in 76% (55 of 72) of the penicillin-nonsusceptible isolates from Korea.
Group II isolates showed another blocked mutation (block B, positions 367 to 482), except for strain J2 ( Fig. 1 and 2 ). The sequences of block B were closely related to those of penicillinresistant Streptococcus oralis 3626 (MIC, 4 g/ml) (Fig. 3) (8) . Part of the block B sequence (position 398 to the 3Ј end) was also identical to those of an Icelandic isolate, IC221 (19) , and a French isolate, SP22861 (10) . Previous reports have already documented that alterations in the pbp genes of S. pneumoniae are caused by interspecies recombinational event from S. oralis or S. mitis to S. pneumoniae (12, 13, 14) . Our data also confirmed that there would be an interspecies recombinational process between S. oralis and S. pneumoniae on the basis of the pbp2b sequences of group II isolates.
Nine isolates that belonged to group II (J77, J87, J84, J4, J16, J39, J72, J98, and J73) had the short mosaic sequence V-D-T at positions 54 to 56 (Fig. 1) . The nucleotide and amino acid sequences of group III isolates corresponded to those of class B isolates, as reported by Dowson et al. (7) . Group IV isolates showed another distinct block (121 to 175) in addition to block A (218 to 295) (Fig. 2 ). There were characteristic alterations in the amino acid sequences of group V isolates   FIG. 2 . Schematic representation of the divergent blocks of PBP2B in groups of penicillin-nonsusceptible pneumococcal isolates from Korea. The numbers above the ends of the blocks are amino acid positions (7) . Percentages indicate nucleotide dissimilarities of corresponding divergent blocks from R6. Block A is a divergent block common to groups I to IV, and block B is a sequence similar to that of penicillin-resistant S. oralis 3626.
(Thr2953Ser and Leu4163Ala) and group VI isolates (Ala2253Ser, Thr2523Ser, Thr2953Ser, and Ile3893Val).
The PBP2B amino acid sequences of group V isolates were identical to those of three Icelandic and French isolates, IC100, IC141, and SP1053. The whole pbp2b gene sequences of isolates of groups I, II, IV, and VI did not match any published sequences according to the BLAST search (1) . It suggested that novel mosaic mutations of pbp2b due to horizontal gene exchange are related to reduced susceptibility to penicillin in Korean isolates (4, 7, 8, 9, 19, 20) .
Multiplex PCR to detect penicillin-nonsusceptible isolates. Rapid and sensitive detection of penicillin-nonsusceptible pneumococcal isolates is very critical in the treatment of various pneumococcal diseases, especially pneumococcal meningitis. Direct detection of penicillin-nonsusceptible pneumococcal isolates from clinical specimens without conventional culture methods could make targeted antimicrobial treatment against antibiotic-resistant pneumococci possible from the start of therapy.
On the basis of the pbp2b sequences determined in this study and retrieved from a public database (GenBank), we developed a multiplex PCR method to detect penicillin-nonsusceptible isolates. Two forward primers (149-F1, 5Ј-TTA TGC AGT TGC TTT GAA T-3Ј; 155-F2, 5Ј-AAC CCW AAR ACA GGT GCT-3Ј; nucleotides 447 to 465 and 463 to 480 in R6, respectively) and one reverse primer (322-R, 5Ј-GTT ATC AAA CTG CCC AAA GGC-3Ј; nucleotides 963 to 984 in R6) were used in the multiplex PCR. Primer 149-F1 is specific for group II isolates, while primer 155-F2 corresponds to all other penicillin-nonsusceptible isolates. Another primer set amplifying the pneumolysin (ply) gene (432 bp) and known to be specific for S. pneumoniae (Ply-F, 5Ј-GCT CCG ATG ACT TAT AGT AT-3Ј; Ply-R, 5Ј-ACA CTC GAA ATA TAG ACC AA-3Ј) was simultaneously applied. The multiplex PCR conditions used were 30 cycles of 95°C for 15 s, 55°C for 15 s, and 72°C for 30 s. A multiplex PCR with five primers (149-F1, 155-F2, 322-R, Ply-F, and Ply-R) generated two amplicons (432 and 517 bp for group II and 432 and 501 bp for the other penicillin-nonsusceptible isolates) in penicillin-nonsusceptible isolates and only one amplicon (432 bp) from penicillin-susceptible ones (Fig. 4) . The multiplex PCR used in this study not only confirmed the presence of S. pneumoniae but also differentiated all penicillin-nonsusceptible pneumococcal isolates from penicillin-susceptible ones.
In conclusion, penicillin-nonsusceptible pneumococcal isolates from Korea showed relatively homogeneous pbp2b gene nucleotide and amino acid sequence patterns. Sequence variations of pbp2b in Korean isolates were due to novel mosaic mutations due to horizontal gene transfer. The successful detection of all penicillin-nonsusceptible strains by multiplex PCR demonstrated in this study can be developed into a novel diagnostic method for use in clinical practice.
Nucleotide sequence accession numbers. The pbp2b gene sequences determined in this study have been deposited in the 
